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Abstract

thickness, Experimental validation

The ability to predict a grinding force is important to control, monitor, and optimize the grinding process. Few theo-
retical models were developed to predict grinding forces when a structured wheel was used in a grinding process.
This paper aimed to establish a single-grit cutting force model to predict the ploughing, friction and cutting forces
in a grinding process. It took into the consideration of actual topography of the grinding wheel, and a theoretical
grinding force model for grinding hardened AlSI 52100 by the wheel with orderly-micro-grooves was proposed. The
model was innovative in the sense that it represented the random thickness of undeformed chips by a probabilistic
expression, and it reflected the microstructure characteristics of the structured wheel explicitly. Note that the micro-
structure depended on the randomness of the protruding heights and distribution density of the grits over the wheel.
The proposed force prediction model was validated by surface grinding experiments, and the results showed (1)

a good agreement of the predicted and measured forces and (2) a good agreement of the changes of the grind-
ing forces along with the changes of grinding parameters in the prediction model and experiments. This research
proposed a theoretical grinding force model of an electroplated grinding wheel with orderly-micro-grooves which
is accurate, reliable and effective in predicting grinding forces.
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1 Introduction

A grinding wheel can be structured to improve effi-
ciency and reduce the burns in a grinding process. How
to structure a grinding wheel for the improvement of
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the grinding process attracted a great deal of attention
in both academic and industrial communities [1]. For
example, Dewar et al. [2] made a grinding wheel with
high-angle helical grooves, and experiments showed that
the grinding efficiency was improved considerably. Xu
et al. [3] introduced a grooved grinding disc for quality
improvement in grinding cubic zirconia. Zhang et al. [4]
tested the grinding performance of a macro-structured
wheel and found it decreased the grinding temperature
significantly. Denkena et al. [5] adopted a patterned
structure in a grinding wheel to enhance the grinding
performance by reducing grinding forces and burns.
Kirsch and Aurich [6] investigated a slotted grinding
wheel and found it improved the cooling efficiency in the
grinding process. The authors in this paper structured
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the peripheral surface of a grinding wheel using a set of
orderly-micro-grooves with 0.1 mm in width, 1.5 mm in
depth, and 0.98 mm in interval [7]; it was used to grind
silica glass to reduce grinding temperature and force. All
of the aforementioned works revealed the fact that in
comparison with a conventional grinding wheel, a struc-
tured grinding wheel with specific textures and patterns
could reduce grinding force, grinding temperature and
burns and thus improve overall grinding performance.
However, few theoretical models were developed to pre-
dict grinding forces when a structured wheel was used in
a grinding process.

In a grinding process, the surface quality, specific
energy, grinding temperature and wheel wear are related
greatly to the grinding force; therefore, the quality con-
trol of a grinding process requires the information of the
grinding force. Conventionally, precision dynamometers
are commonly used to measure grinding forces. Due to
the complexity and additional cost of physical measure-
ments, it is significantly beneficial to develop theoreti-
cal models to predict grinding forces; especially, when
different structures of a grinding wheel are taken into
consideration.

To model a grinding process, physical interactions
between individual grits and the workpiece are first
investigated and are then expanded to model the behav-
ior of the whole grinding wheel [8]. The probabilistic dis-
tribution of grits on the wheel surface makes the grinding
process random, and then the chips are generated sto-
chastically, and so are the thicknesses of the undeformed
chips. Note that the grinding force depends on the thick-
ness of the undeformed chip. Kadivar et al. [9] established
a grinding force prediction model with the assumption of
the random thickness distribution of undeformed chips.
The force prediction models by Ma et al. [10] and Ni et al.
[11] emphasized on random distributions and protrud-
ing heights of grits over the wheel, respectively. Chang
and Wang [12] adopted a stochastic density function to
describe the random distribution of grits over the grind-
ing wheel, and a dynamic grinding force model was pre-
sented. Agarwal and Rao [13] used a probability density
function to represent the randomness of chip thicknesses
in their grinding force model. Dai et al. [14] assumed that
the probabilistic distribution of undeformed chip thick-
ness depended on the kinematic conditions, material
properties, wheel microstructure, and dynamic effects.
Cheng and Gong [15] analyzed the undeformed chip
thickness of single-crystal silicon and developed a grind-
ing force prediction model with the consideration of the
crystallographic effect in microgrinding. The grinding
force predicted by Li et al. [16] was determined by the
strain rate, the randomly distributed radii of grits, and
the depth of elastic-to-plastic transition.
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Numerous factors that affected a grinding force were
analyzed by different researchers. Durgumahanti et al.
[17] investigated the friction and ploughing forces in a
grinding process and concluded that the ploughing force
contributed to the grinding force significantly. The grind-
ing force model by Ardashevdv and Dyakonov [18] con-
sidered different wear mechanisms of grits. Liu et al. [19]
discussed the effect of an impact load on the grinding
force. Zhang et al. [20] established a theoretical grind-
ing force model by taking into account three grinding
stages, i.e., ductile-stage, ductile-to-brittle-transition-
stage and brittle-stage. On the other hand, Sun et al. [21]
presented a grinding force model by considering three
primary grinding force components, inducing the ductile
removal force, the brittle removal force and the frictional
force. Similarly, Zhou et al. [22] proposed to decompose
a grinding force into the components of chip formation
force, frictional force, and fracture force. Xiao et al. [23]
proposed a grinding force model for gear profile grind-
ing by taking into account rubbing, plowing and cutting.
Li et al. [16] analyzed the grinding force components
and grinding trajectory based on the critical depth of
rubbing, ploughing, and brittle fracture. Zhang et al
[24] discussed the effects of cutting, stacking, ploughing
mechanisms on the grinding force. Xiao et al. [25] mod-
eled the grinding forces in the ductile and brittle zones,
respectively. Jamshidi et al. [26] proposed an analytical
force model based on the assumed kinematic-geometri-
cal relations. Werner [27] estimated the grinding force
by considering the combined effect of friction and chip
formation. In the surface grinding force model by Tang
et al. [28], average contact pressure and friction coef-
ficient were considered as two main process variables.
Malkin and Guo [29] developed a force prediction model
from the perspective of energy conservation by taking
into account sliding energy, ploughing energy and strain
energy in chip formation.

This paper aimed to develop a grinding force prediction
model by an electroplated grinding wheel with orderly-
micro-grooves; moreover, the randomness of the pro-
truding heights and distribution of the grits would be
specially considered. The cutting force of a single grit and
the effect of the structured micro-grooves on the grind-
ing force were estimated. Experiments were designed to
validate the accuracy, reliability, and effectiveness of the
proposed grinding force prediction model.

2 Grinding Force Model

2.1 Chip Thickness Model

A grinding process is characterized by multi-point cut-
ting where multiple cutting edges with a large negative
rake angle are engaged to remove tiny chips with a very
high plastic strain rate. Since the grits over a grinding
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wheel exhibit the randomness of the distribution and
protruding heights, the thicknesses of chips are formed
randomly, and it is critical to understand the chip forma-
tion mechanisms in predicting grinding forces.

The thicknesses of chips depend on a number of factors
including the geometry of grits, the process parameters,
and the material properties of the workpiece and the cut-
ting tool. To develop a concise force prediction model
with the consideration of main design factors, the follow-
ing assumptions were made at the interfaces of grits and
workpiece: (1) based on the observations over a grinding
wheel by a 3D ultra-depth of field microscope, the grits
were modeled by a conic shape with a flatted tip. (2) The
protruding heights of grits were randomly distributed,
and correspondingly, the cutting depths of individual
grits and the thicknesses of chips were distributed ran-
domly. A Rayleigh probability density function (P.D.E.) by
Hecker [8] could be used to represent the distribution of
the protruding heights of grits. Therefore, the spectrum
of chip thickness generated is assumed to have the same
mathematical distribution. (3) The profile of the scratches
on the workpiece by individual grits is the same and
completely defined by the depth of engagement or unde-
formed chip thickness 4.

The relative motion of grit over the workpiece surface
generates a removed chip with a curved longitudinal
shape, as shown in Figure 1. The thickness over a chip
varied from zero to a maximum value of /_; the cross-
section geometry of the chip was determined by that of
the conical grit.

To model the randomness of undeformed chip thick-
ness /1, the Rayleigh probability density function f{(/1) [8]
is used.

2

h
) =4 (h/8%)e 2, h >0,

where / is the undeformed chip thickness, and it is the
actual engagement depth between individual grit and
the workpiece. J is a constant for the Rayleigh P.D.F. that
depended on the cutting conditions, microstructure of
grinding wheel, the material properties of workpiece. The

Figure 1 Single-chip in its undeformed state
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Rayleigh distribution is determined by its unique param-
eter 4.

The expected value E(h) of the above function is
expressed by

E(h) = / ” hf (hydh = \/ﬂ. )
0 2

With the assumption of a grit with conic shape, the
expected cross-section area E(A,,) of a single-chip can be
further determined by

E(Ag) = gE (hZ). 3)

The expected total engagement area of Ny number of
active grits is determined on the projection plane that
is perpendicular to the grit movement trajectory of the
grinding wheel as

E (Awa) ~ NoE (Aar) =Na 5 E (1)), )

The number Ny of active grits in the grinding zone is
determined by

le
Ny = / bCqdl = bl Cy, (5)
0

where [_ is the arc length of actual wheel-workpiece con-
tact, b is the grinding width, and C, is the number of
active grits per unit area.

Since the mass and volume of plastically deformed
materials were conserved, the material removal rate can
be calculated from the total engagement area of grits
E(A,..) and the wheel velocity v, as

E(Atotal)vs:bﬂpvw, (6)

where v, is the workpiece velocity, and 4, is the grinding
depth.

Using Egs. (3) and (4) yielded the dependence of the
chip thickness % on the main process parameters in
grinding as

E (hz) _ 2bap vy _
T onNgvs  mleCyvs

2apVy

(7)

Note that the left side of Eq. (7) can be calculated
according to the Rayleigh distribution

E (hz) _ /h hZf(h)dh = 252+hzr, (8)

where /1, is the critical thickness of undeformed chip; it is
calculated as iy = r - [1 — cos(@)]. a is a stagnation angle
in the range of 44°~63°, and its default value is 55° [30].
r is the grit radius, and f (h) is a redefined PD.F. of the
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average chip thickness. Note that 7>0 since a chip is pos-
sibly formed only when the grit cut into the workpiece to
a critical depth. Furthermore, it is proposed to rescale the
original P.D.E. by a new function of [,* f(h)dh = 1.

Combining Egs. (7) and (8) yielded the parameter § of
the Rayleigh density function as

apvwb 3 @ ©)
V) TN 2

Finally, combining Egs. (2) and (9) get the undeformed
chip thickness as
apvwb Tthcr2

_ 10
2Ngvs 4 (10

E(h) =

2.2 Cutting Force by Single-grit

The surface of the workpiece that interferes with a grit is
also conical as that of a grit. When the grit moves for-
ward, a thrust force perpendicular to the workpiece
surface is generated on the grit. The thrust force can be
decomposed into a tangential force, a normal force and
an axial force. Since the axial force is ignorable in surface
grinding, only the normal and tangential forces of single-
grit are considered as follows.

The engagements of a grit with the workpiece are
described by three successive stages during cutting pro-
cess [8], as given in Figure 2. In the first stage, the grit
comes in contact with the workpiece and this leads to
the only elastic deformation of the materials in the inter-
fered area without the formed chip. In the second stage,
the stress by the thrust force exceeds the yield strength
of the workpiece materials, the grit penetrates into the
workpiece, and the material is plastically ploughed to the
front and to the sides of the grit without the formed chip.
At the third phase, the grit penetrates into the workpiece
with a critical depth of /1, to form a chip; this critical cut-
ting depth /1, relates to the grit geometry, cutting condi-
tions, and material properties of the workpiece.

Accordingly, the cutting force of single-grit is com-
posed of two parts, i.e., cutting force for chip removal

—_ € h
~7 Undeformed chip ™

Grit / \

Flat tl\p \
‘\

Figure 2 Engagement model of a grit and workpiece at three stages

\
Sliding Ploughins\‘ Cutting
[
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and frictional force to sustain a relative motion of the
grinding wheel. Furthermore, the cutting force can be
divided into a ploughing force and a cutting force for chip
formation. The normal and tangential components of the
single-grit cutting force can be expressed as

Jo = fof + fop + foo (11)

ﬁi Zﬁf +ﬁP +ﬁcx

where f, and f; are the normal and tangential components
of the cutting force of single-grit, respectively. f,;, f,, and
fc are the normal components of the friction, ploughing
and cutting forces, respectively. fi;, f;;, and f,. are the tan-
gential components of the friction, ploughing and cutting
forces, respectively.

The tip area of the grit rubs on the workpiece without
material removal; however, energy is consumed to over-
come the friction force. The tip area of the grit is initially
obtained in the dressing before cutting. As the cutting
progress proceed, the tip area is gradually enlarged due
to wear and tear, and the friction force is related to the
worn area of the grit. Therefore, the normal and tangen-
tial components of the friction force are expressed as

(12)

fat=A P, (13)

ftf ZI‘LA?!

where y is the friction coefficient between the workpiece
and the grit; A is the tip area of the grit; P is the average
contact pressure between the workpiece and the tip area
of the grit. The lubrication state in the grinding zone dur-
ing wet grinding is very complex. The friction coefficient
is closely related to the properties, flow and injection
angle of the coolant. It is difficult to establish the corre-
sponding theoretical model of the grinding force. There-
fore, both the theoretical models of grinding force and
grinding experiments were performed in dry grinding.

The parabolic function is used to approximate the cut-
ting path in a cutting process. Let the grinding wheel has
a radius of dy/2, and the cutting path has a curvature of
R, the degree of non-conformity of the grinding wheel
and the cutting path can be defined by a curvature differ-
ence A as [31]

(14)

2 1
A== — — (15)

ds Ry
Since the velocity of the workpiece is much slower than

that of the grinding wheel, Eq. (15) can be further simpli-
fied as
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4vy,

A=+ s
devs

(16)

where d; is the diameter of the grinding wheel; d, is the
equivalent diameter of the grinding wheel. The plus and
minus signs represent the up-grinding and down-grind-
ing, respectively.

With a significant curvature difference between the
grinding wheel and the cutting path, the average contact
pressure P is high to maintain the contact of the tip area
of the grit with the workpiece. P is determined by the
curvature difference (A) as [31].

4-VW . P()

eVs

P=A-Pyp= +

(17)

Substituting Eq. (17) into Egs. (13) and (14) get the nor-
mal and tangential components of the friction force as

4A - Vw P()
Fof= ;
nf deVs (18)
4A - Vw Po
Fe=pn ) 19
t dovs (19)

where P is a proportionality constant.

As the grit penetrates into the workpiece gradually, the
workpiece material is continuously squeezed. When the
cutting depth of the grit is lower than the critical cutting
depth /., the contact stress is below the yield strength
of the workpiece material. The critical condition of grit
action from sliding to ploughing is that the cutting depth
of the grit is equal to /... When the cutting depth of the
grit is larger than /1, the workpiece materials are yielded
and stacked at two sides of the grit, and the correspond-
ing force is referred to a ploughing force.

In the grinding process, the grits indent the workpiece
generating some plastic deformation, like the Brinell
hardness test. The grits then move in the horizontal
direction. This horizontal movement pushes the plasti-
cally deformed zone in the front of grits and shears the
material and produces chips—acting as an extrusion pro-
cess. The load in the Brinell test can be calculated as [8]

HB - =D
Fb:kaTt (D—\/D2 - d%),

where HB is the Brinell hardness of the workpiece mate-
rial. The dynamic factor k; is an empirical constant to
be adjusted with experimental data. This factor lumps
together the unmodeled phenomena such as thermal
effects, imperfect grit geometry, and the difference
between Brinell hardness number and dynamic hardness
test. d; is the diameter of the impression given by d;=D
sin(6). 0 is the effective attack angle which is determined

(20)
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by chip thickness /# and the affective diameter D of the
grit as

0 = arccos (1 — 2h/D). (21)

Accordingly, the normal and tangential components of
the ploughing force are calculated as [8]

Jop = Fy, (cos® — psing), (22)

Jip =Fp (sinf 4 ucoso). (23)

The cutting force is calculated as the product of the chip
cross-sectional area and the force coefficient. Assuming the
chip has a circular cross-section as shown in Figure 1, the
normal and tangential components of the cutting force by a
single-grit are found as

foe =kn E(Aay) = S kn (i), (24)

b
fre=kEAg) =k E(1?), (25)
where k, and k, are two constant coefficients for the nor-
mal and tangential cutting forces, respectively.

2.3 Grinding Force by Orderly-micro-grooved Wheel

The grits in the grinding zone can be divided into slid-
ing, ploughing, and cutting grits according to their cutting
depth, as shown in Figure 3.

The total grinding force by an orderly-micro-grooved
wheel is the sum of all grinding forces by the active engag-
ing grits in the grinding zone. It can be estimated as the
multiplication of the single-grit grinding force and the
number of active grits in the grinding zone as

Fi = Naif = Nai (fic +fip + fit) (26)

F, = Ndlfn = Na (fnc +fnp +fnf)»

(27)

Figure 3 Three interaction states between grits and workpiece
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Workpiece

Figure 4 Contact zone between the workpiece
and orderly-micro-grooved wheel

where F, and F, are the tangential and normal compo-
nents of the total grinding force, respectively.

Macroscopically, the grinding wheel can be considered
as a thick circular plate, and it is pressed against a curved
surface of the workpiece in the grinding process, as
shown in Figure 4. A large number of micro-grooves are
distributed on the working surface of an orderly-micro-
grooved grinding wheel, and no grits are crossed over
the micro-grooves. Therefore, the number of active grits
in the grinding zone of a micro-grooved wheel is smaller
than that of a conventional wheel under the same grind-
ing conditions. The number of active grits on an orderly-
micro-grooved wheel is expressed as

Nq1 = anNy, (28)

where Ny and Ny, are the numbers of the active grits on a
traditional and an orderly-micro-grooved grinding wheel,
respectively. Ny is determined in Eq. (5) as Ngq = bl.Cy;
@, is the intermittent ratio of the orderly-micro-grooved
wheel determined by the size of the micro-grooves as

nd — I’lbl

md (29)

on =
where 7 is the number of micro-grooves; b, is the width
of the micro-groove, and d is the diameter of the grinding
wheel.

The arc length of actual wheel-workpiece contact /, can
be calculated as

I, = ﬁ x 2R = R, (30)
27
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R —
B = arccos de, (31)

where f is the grinding wheel angle corresponding to the
arc length of actual contact, and R is the radius of the
grinding wheel.

Variable C; depends on the dynamic effects, and it is
also governed by the interaction force of the wheel and
the workpiece as

Cq = Cy(tane)?, (32)
1
/2
tane = w <a_p> , (33)
Vs \ de

where C, is the static grit density; T is constant; ¢ is the
infeed angle.

Concluding the aforementioned analysis, the tangential
and normal components of the total grinding force by the
orderly-micro-grooved grinding wheel can be derived as

T

1
12
Ft =banRC0 V—w<a—P>
Vs \ de

4 Avy P
X [gktE (hZ) + Fb(sinG + ,upcose) + M] ,

devs

F,, =banRCy Yw (a—P> arccos(
vs \ de

4A vy, P
X [gknE (hz) + Fp (0059 — ,u,psine) + " O].

devs
(35)

2.4 Prediction of Grinding Force
Due to the powerful numerical computing function of
Matlab, the force prediction model by Egs. (34) and (35)

Table 1 Specifications of orderly-micro-grooved grinding wheel

Parameters Value

Wheel diameter d (mm) 200

Wheel width b (mm) 4

Wheel type Electroplated
grinding
wheel

Grit material CBN

Number of micro-grooves n 600

Micro-groove width b, (mm) 0.1

Micro-groove depth Wy (mm) 15

Spacing of micro-grooves s; (mm) 1.05
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Table 2 Grinding parameters in experiments

Parameters Value

Grinding depth ay, (Lm)
Workpiece velocity v,, (m/min)

10, 15, 20, 25, 30, 35, 40
2,3,4,5,6,7
Wheel velocity v, (m/s) 314

was programmed in this software, and it was used to cal-
culate the normal and tangential components as well as
the total grinding force subjected to the grinding condi-
tions specified in Tables 1 and 2. Figure 5 shows the results

140 || = Total force (£}, )
—®— Chip formation force ( F))
~120 1-|—A— Frictional force ( F;)
= —*— Plowing force (an)
3100
&
2 80
£
£
5 60
=
g 40 -
Z
.l ‘/A//“/’k/’k/k/A
0 1 1 1 1 1 1
10 15 20 25 30 35 40
a, (um)
(a) v«=31.4 m/s, vw=4 m/min
210 -
—=— Total force (F,)
180k 7 Chip formation force (F,.)
—A— Frictional force (Fg)
Z 150 | |~*— Plowing force (F,,)
o
o
o
120
£
=]
=]
5 90
s
§ 60 -
Z
30
0

v,, (m/min)

(c) v&=31.4 m/s, ap=30 pum

Figure 5 Predictions of grinding forces at different conditions
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of the total grinding force and each component forces. It
indicates that the total grinding force equals the sum of
cutting, ploughing, and frictional forces (Additional file 1).

With an increase of the grinding depth, both the num-
ber Ny, of active grits and the cutting depth of individual
grit are increased in the grinding zone, and this results in
the increases of cutting, ploughing and frictional forces
significantly. Therefore, both the tangential and normal
components of the grinding force are increased when the
grinding depth is increased, as shown in Figure 5a and
b. Moreover, the cutting force contributes the most to
the total grinding force and its change with the grinding

50
—=— Total force( Fy)

_ —o— Chip formation force( Fi¢)
Z 40 [ |—A— Frictional force ( Fif)
§ —*— Plowing force( Ftp)
o
30 F
g
=
g
5
5 20
EE
&0
=
g or /KK/

=

10 15 20 25 30 35 40
a, (um)
(b) v~=31.4 m/s, vw=4 m/min
70

[|—=— Total force(Fy)
60 L—®— Chip formation force(F)
—— Frictional force (Fiy)
50 r|—*— Plowing force Fip)

z
(]
2
L
o0
S40
S
£
P
o030+
g
S20}
=
<
=
10
0 N " 1 " 1 " "
2 3 4 5 6 7
v,, (m/min)

(d) vs=31.4 m/s, ap=30 pm



Mao et al. Chinese Journal of Mechanical Engineering (2023) 36:116

—_—————

ED\ nameo i iero-gr 50
T >
W orkbenc! Time (5)

(a) Experimental equipment (b) Force signal

Figure 6 Setup of grinding experiments

depth is more obvious. It is understandable since work-
piece materials are removed at the cutting stage.

With an increase of the feeding velocity of the work-
piece, the number Ny; of active grits and the cutting
depth of individual grit are changed slightly. The con-
tribution of the cutting force to the total grinding force
is still of most importance; however, its growth rate
is reduced, as shown in Figure 5c and d. A significant
increase of the friction force leads to the increase of
normal and tangential components of the total grinding
force.

3 Experimental Verification

3.1 Design of Experiments

To validate the proposed force prediction model, a
number of surface grinding experiments of the elec-
troplated wheel with orderly-micro-grooves were con-
ducted on a high precision CNC grinding machine
(MGK 7120x6, Hangzhou Machine Tool Co., Ltd,,
China). The experiments were carried out in dry grind-
ing. Figure 6 shows the setup of grinding experiments.
The workpiece material was hardened AISI 52100 with
a hardness of 62+ 0.5 HRC. The workpiece was cut into
a length of 10 mm, a width of 10 mm and a height of 12
mm. The grinding method was down-grinding. Based
on our previous studies [7], wider micro-grooves cause
a larger vibration of the wheel, thus the grinding qual-
ity deteriorates. It is hard to fabricate micro-grooves
with narrower widths. Therefore, the grinding wheel
with 0.1 mm width micro-grooves was used to model
and verify. Table 1 gives the structure and dimensions
of the orderly-micro-grooved grinding wheel, and
Table 2 specified the grinding parameters in experi-
ments. Tables 3 and 4 show the chemical composition

Table 3 AISI 52100 chemical composition
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Table 4 AISI 52100 physical properties
Physical properties Value
Elastic modulus (GPa) 208
Poisson’s ratio 0.3
Density (g/cm?) 78
Toughness(Nm/cm?) 20
Tensile strength (MPa) 861.3
Yield strength (MPa) 51842

lﬂr,.,i

fh N]ckelwphte E

Figure 7 Distribution of grits on the orderly-micro-grooved grinding
wheel

and the physical properties of AISI 52100, respectively.
The grinding force was measured online by a 3-axis
piezoelectric dynamometer (Kistler-9257B, Switzer-
land) with a sampling frequency of 5 kHz, The typical
grinding force signal is shown in Figure 6. The grind-
ing experiments were repetitively performed at least
three times, and the measured grinding forces were
averaged for the validation purpose. A comparative
experiment was carried out using a traditional electro-
plated grinding wheel subjected to the same grinding
conditions.

The grits on the working surface of the wheel were
fall off and broke during grinding, and then a 3D ultra-
depth of field microscope was used to observe the grits
before the grinding experiment. Figure 7 shows the
distribution of the grits and the static grit distribution
density of the orderly-micro-grooved grinding wheel
was 66 particles per square millimeter.

Alloying element (%)

Cr Fe Si Mo

<1.65 <0.30 <0.35

<0.10 <0.05 <0.30 <0.25
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Figure 8 Comparison of predicted and measured grinding forces

3.2 Experimental Validation

Figure 8 presents the comparison of the predicted and
measured grinding forces under different grinding con-
ditions, and it shows a good agreement of the predicted
forces with the measured forces in the experiments
(Additional file 1). Figure 8a is for the comparison when
the wheel velocity is 31.4 m/s and the workpiece velocity
is 4 m/min; the average deviations in the percentage of
the normal and tangential components at different grind-
ing depths are 7.24% and 6.99%, respectively. As shown
in Figure 8b, when the wheel velocity remains at 31.4 m/s
and the grinding depth is set as 30 um, the average devia-
tions in the percentage of the normal and tangential com-
ponents at different workpiece velocities are 16.7% and
18.27%, respectively. Moreover, it is clear that the influ-
encing trends of the process parameters on the predicted
forces are in good agreement with the trends reflected by
the measured forces in the experiments.

4 Conclusions

This work was motivated by the authors’ observation
that even the grinding-force prediction was critical to
control, monitor, and optimize a grinding process, no
analytical model was available to predict grinding force
by orderly-micro-grooved wheel. The authors aimed
to develop a force-prediction model of hardened AISI
52100 by an electroplated grinding wheel with orderly-
micro-grooves. The developed model was innova-
tive in the sense that (1) a probabilistic function was
adopted to represent random variants of undeformed
chip thickness; note that the chip thickness affected
greatly the grinding force; (2) a set of design variables
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including static grit density, and protruding heights
and distribution density of grits were introduced to
contemplate microstructure and characteristics of the
orderly-micro-grooved grinding wheel explicitly.

To validate the reliability and effectiveness of the
proposed model, surface grinding experiments were
carried out and actual grinding forces subjected to
different grinding conditions were measured for com-
parison. The validating results showed that the pre-
dicted grinding forces were in good agreement with the
measured forces under the same grinding conditions;
the influencing trends of main grinding parameters
on the predicted force were consistent with the trends
reflected by the measured forces in the experiments.
The comparative study proved that the proposed ana-
lytical model was able to predict the grinding force by
an orderly-micro-grooved wheel reliably. It is benefi-
cial to understand the grinding mechanism, predict the
grinding quality and optimize the grinding parameters.
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